INTRODUCTION
Type I insulin-like growth factor (IGF-I) receptor (IGF-IR) belongs to the tyrosine kinase growth factor receptor family (Ullrich et al., 1986; Dupont and LeRoith, 2001 ). Binding of IGF-I results in the tyrosine phosphorylation of multiple cytosolic docking proteins (i.e., IRS-1,-2,-3, and -4 and SHC) that consequently activate multiple signaling cascades, including the phosphatidylinositol 3-kinase (PI 3-kinase)/Akt and the mitogen-activated protein kinase (MAPK), responsible for the biological effects of IGF-I (for review, see White and Kahn, 1994; White, 2002; Clemmons and Maile, 2003) . These include regulation of proliferation and differentiation and suppression of apoptosis Peruzzi et al., 1999) .
The importance of IGF-I and IGF-IR during fetal development in vivo has been demonstrated in mice with null mutations in the genes encoding these receptors or their ligands (White, 2002; Clemmons and Maile, 2003; PowellBraxton et al., 1993) . These animals present growth retardation, with birth weights that were 30 -65% of normal control mice. Moreover, IGF-IR knockout mice died even before birth due to pulmonary complications. More recently, a ␤-cell tissue-specific IGF-IR knockout has been generated (Kulkarni et al., 2002) . Surprisingly, this model suggests that IGF-IR is essential in ␤-cell differentiation rather that in cell growth. The creation of transgenic mice overexpressing IGF-I has furthered the understanding of IGF-I actions in postnatal life. These transgenic animals display an enhanced body weight (30% over control mice) with a dramatic increase in brain size (Mathews et al., 1988) .
The IGF-IR has a well documented role in cancer development and progression (Baserga, 1999) . Signals from the IGF-IR can enhance tumor cell survival and growth and increase the expression of genes that mediate invasion and metastasis (Blakesley et al., 1997) . The dependence of tumor cells on IGF-IR is supported by the observations that inhibition of IGF-IR function by antibodies, triple helix formation, or antisense strategies (Shapiro et al., 1994; Rininsland et al., 1997; Resnicoff, 1998) can reverse the transformed phenotype and lead to cell death. In a number of human tumors, elevated IGF-IR levels have been noted (i.e., lung, breast, colon; for review, see Moschos and Mantzoros, 2002) , and this is often associated with increased levels of circulating IGF-I. For many tumors, IGF-I acts as a mitogen in vitro (Nakanishi et al., 1988) , suggesting the involvement of IGF-IR in autocrine and paracrine signaling loops in tumors in vivo (Yee et al., 1989; LeRoith et al., 1995) .
Brown adipose tissue (BAT), the main tissue involved in adaptive thermogenesis in newborn animals, is an IGF-I target tissue. In fact, BAT expresses both IGF-I and IGF-IR mRNAs through late fetal development in the rat . Moreover, fetal brown adipocytes bear a high number of high-afinity IGF-I binding sites (Lorenzo et al., 1993) . This has prompted us to study the role of IGF-I and its signaling cascade in the balance of biological processes such as proliferation (Lorenzo et al., 1993; Valverde et al., 1995) , differentiation (Valverde et al., 1997; Teruel et al., 1998) , and survival in these cells. Thus, IGF-I, in an autocrine/paracrine level, may be a major signal involved in driving BAT to differentiate before birth Benito et al., 1996) .
To further assess the role of IGF-I in the biology of the brown adipocyte, we have recently generated immortalized brown adipocyte cell lines from the IGF-IR Ϫ/Ϫ mice, as well as from the wild type. IGF-IR-deficient cells maintain the phenotypical features of brown adipocytes. Surprisingly, compared with wild-type brown adipocytes, these cells display increased insulin sensitivity based on activation of the IRS-1/Grb-2/Ras/MAPK signaling pathway that leads to increased mitogenesis (Mur et al., 2002) . However, IGF-IRdeficient brown adipocytes did not respond to insulin by inducing brown adipocyte differentiation-related genes such as the uncoupling protein-1 (UCP-1) and fatty acid synthase (FAS). This was due to a lack of expression of transcription factors that up-regulate these genes in response to insulin (Mur et al., 2003) . In the present article, we demonstrate that IGF-IR deficiency in brown adipocytes confers increased susceptibility to programmed cell death after serum withdrawal, compared with the wild type. The increase in apoptosis is the result of multiple events, including an altered mitochondrial integrity, differences in the expression of several members of the Bcl-2 family, rapid activation of caspases, and a faster nuclear translocation of Foxo1 (previously known as FKHR), which activates the death receptor pathway through Fas ligand (FasL). Furthermore, exogenous expression of the nuclear coactivator PGC-1␣ or UCP-1 in IGF-IR-deficient brown adipocytes decreases the susceptibility to apoptosis in these cells. Finally, we have investigated distinct signaling pathways by which insulin rescues both wild-type and IGF-IR Ϫ/Ϫ brown adipocytes from serum withdrawal-induced apoptosis.
MATERIALS AND METHODS

Reagents
Fetal calf serum (FS) and culture media were obtained from Invitrogen (Carlsbad, CA). Insulin, dibutiryl cAMP (dbcAMP), hygromycin, and the anti-␤-actin antibody were from Sigma-Aldrich (St. Louis, MO). PD098059, LY294002, and IGF-I were from Calbiochem (San Diego, CA). 
Generation of Cell Lines
Brown adipocytes were obtained from interscapular brown adipose tissue of 17.5-18.5 fetuses from two to three pregnant mice of normal genotype (IGF-IR ϩ/ϩ ), or from a pool of tissue of fetuses with body weight Ͻ0.5 g (IGF-IR Ϫ/Ϫ ) from two to three pregnant mice IGF-IR ϩ/Ϫ mated with males IGF-IR ϩ/Ϫ . Brown adipocyte primary cultures were performed as described previously (Lorenzo et al., 1993) . Viral Bosc-23 packaging cells were transfected at 70% confluence by calcium phosphate coprecipitation with 3 g/6-cm dish of the puromycin-resistance retroviral vector pBabe encoding SV-40 Large T antigen (kindly provided by J. deCaprio, DanaFarber Cancer Institute, Boston, MA). Then, brown adipocytes (wild type and IGF-IR Ϫ/Ϫ ) were infected at 60% confluence with polybrene (4 g/ ml)-supplemented virus for 48 h and maintained in culture medium for 72 h, before selection with puromycin (1 g/ml) for 1 wk. These pools of stable cells were further cultured in DMEM supplemented with 10% FS and puromycin. The pBabe/hygro PGC-1␣ viral expression vector was a generous gift from Drs. P. Puiserverg and B. Spiegelman (Danna-Farber Cancer Institute). Brown adipocyte IGF-IR-deficient cells were infected with this vector as described above. Selection with 200 g/ml hygromycin was started 48 h after infection to select stable cell lines.
IGF-IR-deficient brown adipocytes were cultured for 24 h in the presence of 10% FS and then, when 60 -70% confluence was reached, cells were transfected according to the calcium phosphate-mediated protocol with the plasmid construct pcDNA3.1-IGF-IRzeo kindly provided by R.W. Furlanetto (National Institutes of Health, Bethesda, MD). DNA (10 g) was added to each 6-cm dish. After 4 -6 h of incubation, cells were shocked with 3 ml of 15% glycerol for 2 min, washed, and then fed with DMEM-10% FS. Twenty-four hours after transfection, zeocyn (250 g/ml) was added to select stable transfectants. Several zeocyn-resistant cell lines were obtained and the expression of IGF-IR was assessed by Western blot.
Transduction of Brown Adipocytes by Adenoviral Infection
Immortalized wild-type or IGF-IR Ϫ/Ϫ brown adipocytes were infected with 1 or 10 multiplicity of infection (MOI or viral particles per cell) of constitutively active Foxo1 (ADA), PGC-1␣, UCP-1, and mock (␤-gal) adenoviruses. Cells (80 -90% confluence) were routinely infected for 24 -48 h. Then, cells were collected and subsequently used for analysis of DNA fragmentation, caspase-3, and caspase-8 activities and gene expression.
Extraction of Nuclear Proteins
Cells were resuspended at 4°C in 10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol (DTT), 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 0.75 g/ml leupeptin, 0.75 g/ml aprotinin (buffer A); allowed to swell on ice for 10 min; and then vortexed for 10 s. Samples were centrifuged and the supernatant containing the cytosolic fraction was stored at Ϫ70°C. The pellet was resuspended in cold buffer C (20 mM HEPES-KOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 0.75 g/ml leupeptin, 0.75 g/ml aprotinin) and incubated on ice for 20 min for high salt extraction. Cellular debris was removed by centrifugation for 2 min at 4°C, and the supernatant fraction was stored at -70°C.
Isolation of Mitochondrial Protein
At the end of the culture time, cells were scrapped off, collected by centrifugation at 2500 ϫ g for 5 min at 4°C, and resuspended in hipotonic isolation buffer (1 mM EDTA, 10 mM HEPES, 50 mM sucrose, pH 7.6). Then, cells were incubated at 37°C for 5 min and homogenized under a Teflon pestle (Overhead Stirrer; Wheaton Instruments, Milville, NJ). Hipertonic isolation buffer (1 mM EDTA, 10 mM HEPES, 450 mM sucrose, pH 7.6) was added to balance the buffer's tonicity. Samples were centrifuged at 10,000 ϫ g for 10 min and the pellets, containing the mitochondrial fraction, were resuspended in lysis buffer. The supernatants contained the cytosolic protein fraction. Cytochrome c was analyzed by Western blotting after eletrophoresis separation of 50 g of mitochondrial or cytosolic proteins in 15% polyacrilamide-SDS gels.
Protein Determination
Protein determination was performed by the Bradford dye method, by using the Bio-Rad reagent and bovine serum albumin (BSA) as the standard.
Western Blotting
To obtain total cell lysates, cells from supernatants were collected by centrifugation at 2000 ϫ g for 5 min at 4°C. Attached cells were scraped off in ice-cold phosphate-buffered saline (PBS), pelleted by centrifugation at 4000 ϫ g for 10 min at 4°C, and resuspended in lysis buffer (25 mM HEPES, 2.5 nM EDTA, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 5 g/ml leupeptin). Samples were sonicated 30 s at 1.5 mA, and lysates were clarified by centrifugation at 12,000 ϫ g for 10 min. After SDS-PAGE, gels were transferred to Immobilon membranes and were blocked using 5% nonfat dried milk or 3% BSA in 10 mM Tris-HCl, 150 mM NaCl, pH 7.5, and incubated overnight with several antibodies as indicated in 0.05% Tween 20, 10 mM Tris-HCl, 150 mM NaCl, pH 7.5. Immunoreactive bands were visualized using the ECL Western blotting protocol (Amersham Biosciences, Piscataway, NJ).
Analysis of Mitochondrial Transmembrane Potential
The fluorescent probe tetramethyl-rodamine (TMRM) was used to analyze the changes in mitochondrial potential (⌬⌿m) by flow cytometry. After serum deprivation for 4 h, cells were collected by centrifugation at 2500 ϫ g for 5 min and then resuspended in PBS. The cellular fluorescence intensity was measured after 30-min incubation of the cells with 0.5 M TMRM. A FACScan flow cytometer (Becton Dickinson, Fullerton, CA) was used ( excitation, 549 nm; emission, 573 nm). For each analysis, 10,000 events were recorded.
Analysis of DNA Laddering
Cells were washed twice with ice-cold PBS and then scraped and pelleted at 4°C. Cells were resuspended in 500 l of buffer containing 10 mM EDTA, 0.25% Triton X-100, 2.5 mM Tris-HCl, pH 8, and stored at 4°C for 15 min. Intact nuclei were pelleted and eliminated by centrifugation at 500 ϫ g at 4°C for 30 min, and the supernatant was centrifuged at 25,000 ϫ g at 4°C for 15 min. DNA in the supernatant was precipitated at Ϫ80°C after the addition of 2 volumes of ethanol (70% final concentration), pelleted by microcentrifugation at 4°C for 15 min, dried, resuspended in 200 l of 10 mM Tris-HCl, 1 mM EDTA, pH 8 (TE buffer), and incubated at 37°C for 30 min with 0.1 mg/ml RNAse A and for 2-3 h with 0.24 mg/ml proteinase K. DNA was purified by phenol-chloroform extraction and precipitated at Ϫ70°C after adding 1/10 volume of 3 M sodium acetate, pH 5.3, and 2 volumes of ethanol. Precipitated DNA was dissolved in TE buffer containing 30% glycerol, 1 g/ml ethidium bromide and electrophoresed in a 1.5% agarose gel. Gel was visualized and photographed under transmitted UV light with a Polaroid camera.
Analysis of Cell Viability
After cell incubation in the absence of serum and growth factors for 2-24 h, the medium was discarded and the remaining viable adherent cells were stained with crystal violet (0.2% in 2% ethanol) for 20 min. After this time, plates were rinsed with water, allowed to dry, and 1% SDS was added. Absorbance of each plate was read at 560 nm. Remnant viable cells were calculated as percentage of absorbance with respect to control cells (incubated in the presence of 10% FS).
Analysis of PI 3-Kinase Activity
Quiescent cells were stimulated with 100 nM insulin for 5 min or pretreated with 10 M LY294002 for 20 min followed by 5-min insulin stimulation. PI 3-kinase activity was measured in antiphosphotyrosine immunoprecipitates as described previously (Valverde et al.,1997) .
Analysis of Caspase-3 Activity
Cells were scraped off, collected by centrifugation at 2500 ϫ g for 5 min, and lysed at 4°C in 5 mM Tris-HCl, pH 8, 20 mM EDTA, 0.5% Triton X-100. Lysates were clarified by centrifugation at 13,000 ϫ g for 10 min. Reaction mixture contained 25 l of cellular lysates, 325 l of assay buffer (20 mM HEPES pH 7.5, 10% glycerol, 2 mM dithiothreitol), and 20 M caspase-3 substrate (Ac-DEVD-AMC). After 2-h incubation in the dark, enzymatic activity was measured in a luminiscence spectrophotometer (LS-50; PerkinElmer Life and Analytical Sciences, Boston, MA) ( excitation, 380 nm; emission, 440 nm). We define a unit of caspase-3 activity as the amount of active enzyme necessary to produce an increase in 1 arbitrary unit in the fluorimeter after 2-h incubation with the reaction mixture. Then, protein concentration of cell lysates was determined, and final expression of the results is presented as caspase-3 activity per microgram of total protein.
Analysis of Caspase-8 Activity
Caspase-8 activity was measured with the ApoAlert caspase-8 fluorescent assay kit (Ref. K2028; BD Biosciences Clontech) accordingly with the manufacturer's instructions by using IETD-AFC as a substrate. Then, protein concentration of cell lysates was determined, and final expression of the results is presented as caspase-8 activity per microgram of total protein.
Transfection with the Foxo1-Green Fluorescent Protein (GFP) Construct and Confocal Immunofluorescence
Cells were grown to 80% confluence and then transiently transfected with 16 g/6-cm dish of Foxo1-GFP cDNA construct accordingly with the calcium phosphate-mediated protocol (Stratagene, La Jolla, CA). Twenty-four hours after transfection, cells were serum starved for 4 and 8 h or maintained under growing conditions. Then, cells were washed twice with PBS, fixed in methanol (Ϫ20°C) for 2 min, and examined with a MRC-1024 confocal microscope (Bio-Rad, Hemel Hempstead, United Kingdom) adapted to an inverted Nikon Eclipse TE 300 microscope.
RESULTS
Increased Susceptibility of IGF-IR-deficient Brown
Adipocytes to Undergo Apoptosis in Response to Serum Withdrawal Immortalized fetal brown adipocytes derived from the wildtype (IGF-IR ϩ/ϩ ) and the IGF-IR-deficient mice (IGF-IR Ϫ/Ϫ ) were deprived of serum and growth factors for various periods of time. Subsequently, DNA cleavage (180-base pair ladder) was analyzed by electrophoresis of extranuclear DNA. Wild-type mouse brown adipocytes are resistant to serum withdrawal-induced apoptosis, as has been previously described in rat primary cultures (Porras et al., 1997) . After 8 h of serum deprivation, control cells did not reveal DNA fragmentation, requiring longer periods (16 -24 h) to induce DNA cleavage ( Figure 1A ). In contrast, IGF-IR-deficient brown adipocytes displayed DNA fragmentation after only 4 h of serum withdrawal, indicating that these cells are more susceptible to undergo apoptosis.
Caspases seem to be general executioners of apoptosis and are activated by serum deprivation in a number of cell types. To assess whether DNA fragmentation observed in serumfree cultures of fetal mouse brown adipocytes was dependent on caspases activation, we next measured caspase-3 activity under these experimental conditions. Serum deprivation resulted in a gradual increase in caspase-3 activity in wild-type brown adipocytes, reaching the maximal value (4-fold) after 6 h ( Figure 1B ). However, absence of serum and growth factors provoked a rapid and dramatic increase (6-fold) in caspase-3 enzymatic activity in IGF-IR Ϫ/Ϫ cells, reaching a maximum after 2 h. Interestingly, in parallel with caspase-3 activation and DNA fragmentation, the lack of IGF-IR in brown adipocytes accelerated the loss of cellular viability induced by serum withdrawal ( Figure 1B ).
Inhibition of Antiapoptotic Genes Bcl-x L and Bcl-2 and Rapid Accumulation of Proapoptotic Genes Bim and Bclx S and Cytosolic Cytochrome c in IGF-IR
؊/؊ Brown Adipocytes after Serum Withdrawal Mitochondria are deeply involved in the regulation of apoptosis (Green and Reed, 1998) . The disruption of the ⌬ m has been defined as an early irreversible stage of apoptosis, initiating the intrinsic caspase activation pathway (Kluck et al., 1999) . When wild-type and IGF-IR Ϫ/Ϫ brown adipocytes were cultured for 4 h in the absence of serum and growth factors, substantial differences were observed regarding DNA laddering and caspase-3 activation (Figure 1 ). Accordingly, we chose this time point to determine whether there were alterations in the ⌬ m due to the absence of IGF-I signals. After 4 h in serum-free medium, we noted a loss of ⌬ m in 14.92 Ϯ 4.54% of wild-type cells per dish (Figure 2A ), whereas 44.87 Ϯ 6.22% of brown adipocytes lacking IGF-IR displayed defects in ⌬ m . Based on these results, we evaluated whether the loss of ⌬ m was consistent with a release of cytochrome c from mitochondria to cytosol. To analyze this, cells were cultured in serum-free medium for 2-12 h and then mitochondria were separated from cytosol. Cytochrome c content was analyzed in both fractions by direct Western blot analysis. As shown in Figure 2B , cytochrome c content decreased considerably in the mitochondria, occurring in the cytosol after 4 -6 h of serum withdrawal in wild-type cells. However, IGF-IR Ϫ/Ϫ brown adipocytes showed a rapid decrease in mitochondrial cytochrome c content with a concurrent increase in the cytosol after only 2 h of serum withdrawal. Both mitochondrial and cytosolic fractions were pure because we did not detect cytochrome c oxidase (COX) in cytosolic extracts, and no p85␣-PI 3-kinase (p85␣) was found in mitochondrial extracts (our unpublished data).
In an attempt to elucidate the molecular pathways that regulate the susceptibility of IGF-IR Ϫ/Ϫ brown adipocytes to apoptosis upon growth factor deprivation, the expression of several pro-and antiapoptotic members of the Bcl-2 family, which has been related to the mitochondrial changes during apoptosis, were analyzed. For this goal, both cell types were cultured either with or without serum and growth factors for various periods of time. Then, cells were collected and protein expression was analyzed by Western blot. The expression of the antiapoptotic protein Bcl-x L (29 kDa) was high in wild-type cells under growing conditions (time 0), but it gradually decreased with time after serum deprivation ( Figure 2C ). In sharp contrast, Bcl-x L was barely detected in
IGF-IR
Ϫ/Ϫ cells regardless of culture conditions. Bcl-2 expression, which elicits antiapoptotic effects in rat brown adipocytes , was significantly higher in wild-type than in IGF-IR-deficient brown adipocytes under growing conditions, and its expression remained unchanged upon serum withdrawal in both cell types. Regarding proapoptotic genes, Bcl-x S (21-kDa) expression was almost undetectable in wild-type cells, with only slight expression being observed after 16 h of serum withdrawal. Conversely, in IGF-IR Ϫ/Ϫ brown adipocytes Bcl-x S protein content was detectable under growing conditions and gradually increased during 16 h of serum withdrawal. Under growing conditions, the expression of Bim was slightly higher in IGF-IR-deficient than in wild-type cells. Its expression gradually increases up to 16 h in both cell types after serum deprivation. Interestingly, Bim expression in IGF-IR Ϫ/Ϫ cells was always higher than that found in wild-type cells. Thus, the imbalanced expression of anti-and proapoptotic members of the Bcl-2 family provides one explanation for the rapid massive apoptosis in IGF-IR Ϫ/Ϫ brown adipocytes provoked by serum withdrawal. Ϫ/Ϫ brown adipocytes in serum-free medium for several time periods, cells were collected and lysed. Total protein content was determined and caspase-3 activity was measured as described under Materials and Methods. Results are expressed as arbitrary units per microgram of total protein and are means Ϯ SE from three independent experiments with duplicate dishes. Bottom, cells were cultured as described above. At the end of the culture time, medium was removed, and viable cell number was analyzed by crystal violet staining as described under Materials and Methods. Results are expressed as percentage of absorbance with respect to control cells (10% FS) and are means Ϯ SE from three independent experiments with duplicate dishes.
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Serum Withdrawal Induced a Rapid Accumulation of Foxo1 into the Nucleus in IGF-IR
؊/؊ Brown Adipocytes Transcription factors of the Foxo family (previously known as FKHR) have been recently implicated in the regulation of several proapoptotic genes, including mitochondrial-associated proteins such as Bim and members of the death receptor pathway such as FasL (Dijkers et al., 2000; Suhara et al., 2002) . Growth factor stimulation induces the phosphorylation of Foxo1 by PKB/Akt that leads to its nuclear exclusion and subsequently, inactivation (Nakae et al., 2000) . To assess whether the lack of IGF-IR modifies Foxo1 subcellular distribution in brown adipocytes, cells were cultured as described above, and nuclear and cytosolic proteins were purified. Under growing conditions, Foxo1 content in nuclear extracts was almost undetectable in either line of fetal brown adipocytes ( Figure 3A) . However, substantial differences were noted between the cell lines after serum withdrawal. Whereas nuclear Foxo1 was barely detected in nuclear extracts after 4 h of serum deprivation in wild-type cells, a significant amount of Foxo1 was localized in the nucleus in IGF-IR Ϫ/Ϫ brown adipocytes at this time point. Conversely, Foxo1 protein content decreased in the cytosolic fraction in parallel with its accumulation in the nucleus in both cell types. Both cytosolic and nuclear fractions were pure because we did not detect p53 in the cytosol, and no p85␣ was found in the nuclear extracts (our unpublished data). Interestingly, we have observed similar results by transiently transfecting brown adipocytes with the Foxo1-GFP construct. As shown in Figure 3B , Foxo1-GFP localized to the cytosol when both cell types were grown in serum. Consistent with cell fractionation results, serum withdrawal induced the entry of Foxo1-GFP into the nucleus after 4 h in IGF-IR Ϫ/Ϫ cells and after 8 h in wild-type brown adipocytes.
Fas-Ligand-neutralizing Antibody Impaired Caspase-8 Activity in Wild-Type and IGF-IR ؊/؊ Brown Adipocytes Recently, it has been proposed that nuclear Foxo proteins induce the death receptor pathway by activating the FasL gene promoter (Suhara et al., 2002) . Then, the clustering of Fas after the binding of FasL leads to caspase-8 -dependent cell death (Juo et al., 1998) . To assess whether nuclear Foxo1 accumulation is able to induce caspase-8 activity, brown adipocytes from both genotypes were cultured as described above, and caspase-8 activity was measured during a time course of serum deprivation. Wild-type cells showed a gradual increase in caspase-8 activity upon serum withdrawal, maximal activity being elicited at 8 h. In IGF-IR Ϫ/Ϫ brown adipocytes, caspase-8 activity was higher than that of control cells after 2-8 h of serum deprivation. Thus, caspase-8 was activated earlier in IGF-IR Ϫ/Ϫ cells, reaching a maximum after 6 h without serum. Furthermore, maximal caspase-8 enzymatic activity in both cell types was inhibited by 50% when a neutralizing antibody against FasL was added to the culture medium ( Figure 4B ).
Constitutively Active Foxo1 Induces Apoptosis in Immortalized Fetal Brown Adipocytes
To directly demonstrate that nuclear Foxo1 induces apoptosis in brown adipocytes, we infected wild-type cells cultured under growing conditions with an adenovirus encoding a constitutively active Foxo1 mutant (Foxo1 ADA), in which the Akt phosphorylation sites have been mutated (Nakae et al., 2001) . As a control, parallel dishes were infected with an adenovirus encoding ␤-gal. Figure   5A demonstrates Foxo1 ADA overexpression in wild-type brown adipocytes compared with ␤-gal-infected cells. Next, we analyzed the expression of pro-and antiapoptotic genes in transduced cells. As shown in Figure 5B , constitutively active Foxo1 increased Bim expression as well as decreased Bid expression with the concomitant presence of the 15-kDa Bid truncated fragment (tBid). Moreover, ADA overexpression resulted in a significant increase in Bcl-x S expression and a marked decrease in the antiapoptotic protein Bcl-x L , compared with the controls. Regarding caspases activation, overexpression of constitutively active Foxo1 increased both caspase-8 and caspase-3 enzymatic activities in wild-type brown adipocytes ( Figure 5C ). Finally, DNA fragmentation was visualized in Foxo1 ADA-transduced cells, but not in the controls ( Figure 5D ). Figures 1 and 2 . At the end of the culture time, cells were collected and cytosolic and nuclear extracts were prepared. Nuclear and cytosolic protein (50 g) was submitted to Western blot analysis with the anti-Foxo1 antibody. Protein loading was visualized with the anti-p53 and anti-p85␣ antibodies for nuclear and cytosolic fractions, respectively. A representative experiment out of three is shown. (B) Cells were grown to 80% confluence and then transiently transfected with a plasmid encoding Foxo1-GFP fusion protein. Twenty-four hours after transfection, cells were serum starved for 4 and 8 h. Then, cells were washed twice with PBS, fixed in methanol (Ϫ20°C) for 2 min, and processed to confocal immunofluorescence. A representative experiment is shown.
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Overexpression of PGC-1␣ or UCP-1 Retards Serum Withdrawal-induced Apoptosis in IGF-IR-deficient Brown Adipocytes
Efficient execution of apoptotic cell death machinery requires adequate supply of ATP (Dey and Moraes, 2000; Harris et al., 2000) . In BAT, mitochondrial UCP-1 uncouples fatty acid oxidation from ATP synthesis allowing dissipation of energy from substrate oxidation as heat (Trayhurn and Milner, 1989) . Thus, we studied the possibility to reduce the susceptibility to apoptosis of IGF-IR Ϫ/Ϫ brown adipocytes by exogenous expression of PGC-1␣, which is a strong coactivator of several nuclear receptors that bind to the UCP-1 enhancer increasing its expression (Puigserver et al., 1998) . In addition, PGC-1␣ stimulates mitochondrial biogenesis in skeletal muscle by binding NRF-1 and increasing the expression of its target genes, including mtTFA (Wu et al., 1999) . Accordingly, we performed retrovirus-mediated PGC-1␣ gene transfer into IGF-IR-deficient brown adipocytes. brown adipocytes after serum withdrawal. As shown in Figure 6B (top), exogenous expression of PGC-1␣ in IGF-IRdeficient brown adipocytes significantly decreased the caspase-3 activity values at each time point (2-8 h). Alternatively, IGF-IR Ϫ/Ϫ brown adipocytes were infected with either mock (␤-gal) or PGC-1␣ adenoviruses. Twenty-four hours after infection, cells were serum deprived for 6 h, and caspase-3 activity was determined. Adenoviral infection with PGC-1␣ significantly decreased caspase-3 activity in IGF-IR-deficient brown adipocytes compared with ␤-galinfected cells, reaching values similar to those observed in wild-type cells ( Figure 1B) . Next, we evaluated whether the increased UCP-1 expression in IGF-IR Ϫ/Ϫ (PGC-1␣) brown adipocytes might alter the pattern of DNA fragmentation observed in apoptotic cells. Figure 6B To test directly the protective effect of UCP-1 on brown adipocytes cell death, we infected IGF-IR Ϫ/Ϫ brown adipocytes with either mock or UCP-1 adenoviruses. UCP-1 overexpression was analyzed by Western blot ( Figure 7A ). Transduction with UCP-1 markedly decreased caspase-3 activity ( Figure 7B ), which correlated with the suppression of DNA laddering ( Figure 7C) . As s positive control, we cultured IGF-IR Ϫ/Ϫ brown adipocytes for 4 h with 0.5 mM dbcAMP, which strongly activates UCP-1. Under these conditions, activation of caspase-3 was reduced to levels observed in growing cells (10% FS) ( Figure 7B ), and DNA fragmentation was totally suppressed ( Figure 7C ). Finally, to rule out the possibility that dbcAMP could be acting as a survival factor by inducing either Akt or MAPK signaling pathways, quiescent IGF-IR Ϫ/Ϫ cells were stimulated for 10 min with 0.5 mM dbcAMP. Cells also were stimulated with 100 nM insulin, as a positive control. As shown in Figure 7D , dbcAMP failed to induce Akt or MAPK phosphorylation in IGF-IR Ϫ/Ϫ cells. These results indicate that the effects observed in dbcAMPtreated IGF-IR-deficient cells are the consequence of a direct PKA activation, and subsequently, increased UCP-1 Figure 5 . Constitutively active Foxo1 induces apoptosis in immortalized fetal brown adipocytes. (A) Wild-type cells were cultured to 80% confluence. Then, cells were infected with adenoviral constructs encoding constitutively active Foxo1 (ADA) and mock (␤-gal). Twenty-four hours after infection, cells were collected and lysed. Expression of total Foxo1 was analyzed by Western blot. (B) Wild-type brown adipocytes were cultured and infected with adenoviruses as described in A. Twenty-four hours after infection, cells were collected and lysed. Total protein (50 g) was submitted to Western blot analysis with the anti-Bcl-x L , anti-Bcl-xs, anti-Bim, anti-Bid, and anti-␤-actin antibodies. Results are representative of two independent experiments with duplicate dishes. (C) Twenty-four hours after infection, cells were collected and lysed. Caspase-3 and caspase-8 enzymatic activities were analyzed. Results are expressed as arbitrary units per microgram of total protein and are means Ϯ SE from three independent experiments with duplicate dishes. (D) Twenty-four hours after infection, cells were scraped and subjected to extranuclear DNA extraction. Purified DNA was electrophoresed and visualized by UV fluorescence after staining with ethidium bromide. A representative experiment out of three is shown.
A.M. Valverde et al. expression rather than by the activation of survival signaling cascades.
Insulin Rescues IGF-IR
؊/؊ Brown Adipocytes from Apoptosis in a PI 3-Kinase-independent Manner Insulin and IGF-I are survival factors that rescue brown adipocytes from apoptosis . Accordingly, we studied whether insulin was able to suppress serum withdrawal-induced apoptosis in wild-type and IGF-IR-deficient brown adipocytes. Cells were incubated for 4 and 8 h in serum-free medium either in the absence or presence of various doses of insulin and analyzed for caspase-3 and caspase-8 activation, respectively. As shown in Figure 8A , both caspase-8 and caspase-3 activities were significantly inhibited by the presence of insulin in the medium. Furthermore, insulin was able to rescue IGF-IR Ϫ/Ϫ brown adipocytes from DNA laddering. In control cells, insulin suppressed DNA laddering observed after 24 h of serum withdrawal, maximal effect being elicited at 10 nM insulin concentration ( Figure 8B ). In IGF-IR Ϫ/Ϫ brown adipocytes, DNA laddering was partially suppressed by 10 nM insulin concentration and totally at 100 nM. In addition, insulin was able to increase cytosolic and to decrease nuclear Foxo1 in both cell types ( Figure 8C ).
Next, we wanted to investigate the molecular mechanisms by which insulin elicits the survival effect in IGF-IR Ϫ/Ϫ brown adipocytes. In a previous article, we reported that both PI 3-kinase and MAPK signaling pathways are necessary for insulin rescue from apoptosis in rat brown adipocytes . Furthermore, two very recent articles demonstrated that 
(B) Top, after incubation of IGF-IR
Ϫ/Ϫ and IGF-IR Ϫ/Ϫ (PGC-1␣) brown adipocytes in serum-free medium for several time periods, cells were collected and lysed. Twenty-four hours after infection of IGF-IR Ϫ/Ϫ brown adipocytes with either mock (␤-gal) or PGC-1␣ adenoviruses, cells were serum deprived for 6 h. Total protein content was determined and caspase-3 activity was measured. Results are expressed as arbitrary units per microgram of total protein and are means Ϯ SE from three independent experiments with duplicate dishes. Bottom, after incubation of IGF-IR Ϫ/Ϫ (PGC-1␣) brown adipocytes in serum-free medium for several time periods, cells were scraped and subjected to extranuclear DNA extraction. Twenty-four hours after infection of IGF-IR Ϫ/Ϫ brown adipocytes with either mock (␤-gal) or PGC-1␣ adenoviruses, cells were serum deprived for 6 h and subjected to extranuclear DNA extraction. Purified DNA was electrophoresed and visualized by UV fluorescence after staining with ethidium bromide. A representative experiment out of three is shown.
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Ϫ/Ϫ -immortalized brown adipocytes displayed an increased insulin sensitivity regarding IRS-1/Grb-2/MAPK and IRS-1/PI 3-kinase/Akt signaling pathways compared with wildtype cells (Mur et al., 2002 (Mur et al., , 2003 . Accordingly, we cultured IGF-IR Ϫ/Ϫ brown adipocytes for 16 h in serum-free medium without or with insulin (100 nM) either in the absence or in the presence of 10 M LY294002 or 20 M PD98059. Then, DNA fragmentation was analyzed. As a control, wild-type cells were incubated for 16 h with LY294002 alone or plus insulin. Although wild-type brown adipocytes are resistant to apoptosis after 16 h of serum deprivation ( Figures 1A and 9A) , a substantial DNA fragmentation was noted when LY294002 was present for 16 h. Thus, insulin was not able to protect wild-type brown adipocytes from DNA fragmentation when PI 3-kinase was inhibited with LY 294002. In contrast, IGF-IR-deficient cells undergo apoptosis after 16 h of serum withdrawal in the absence or presence of LY294002 (Figures 1A and 9A) . Therefore, in these cells, insulin prevented apoptosis regardless PI 3-kinase activation. It is noteworthy that 10 M LY294002 completely inhibited insulin-induced PI 3-kinase activity in both cell types ( Figure 9B ). However, inhibition of MAPK by PD098059 prevented insulin rescue from apoptosis ( Figure 9A ). To assess whether DNA fragmentation correlated with caspase-3 activation under the different experimental conditions, brown adipocytes were cultured for 6 h as described above. Then, cells were collected and caspase-3 activity was assayed. As shown in Figure 9C , insulin was not able to suppress caspase-3 
(B) Forty-eight hours after infection of IGF-IR
Ϫ/Ϫ brown adipocytes with either mock or UCP-1 adenoviruses, cells were serum deprived for 6 h. Total protein content was determined and caspase-3 activity was measured.
IGF-IR
Ϫ/Ϫ brown adipocytes were cultured under growing conditions (10% FS) or for 4 h in serum-free medium either in the absence or in the presence of 0.5 mM dbcAMP. At the end of the culture time, caspase-3 activity was determined. Results are expressed as arbitrary units per microgram of total protein and are means Ϯ SE from three independent experiments with duplicate dishes. (C) Left, 48 h after infection of IGF-IR Ϫ/Ϫ brown adipocytes with either mock or UCP-1 adenoviruses, cells were serum deprived for 6 h and subjected to extranuclear DNA extraction. Right, IGF-IR Ϫ/Ϫ brown adipocytes were cultured for 16 h in serum-free medium either in the absence or in the presence of 0.5 mM dbcAMP. At the end of the culture time, purified extranuclear DNA was electrophoresed and visualized by UV fluorescence after staining with ethidium bromide. A representative experiment of three is shown. (D) Quiescent (20-h serum-starved) IGF-IR Ϫ/Ϫ brown adipocytes were stimulated with 100 mM insulin or 0.5 mM dbcAMP for 10 min or maintained in the absence of the hormone. Cells were lysed and total protein (50 g) was analyzed by Western blot with the corresponding antibodies against phospho-Akt, phospho-MAPK and ␤-actin. A representative experiment is shown.
A.M. Valverde et al. activation in the presence of the mitogen-activated protein kinase kinase (MEK)-1 inhibitor PD098059 in both cell types. However, insulin prevented caspase-3 activation in IGF-IR Ϫ/Ϫ cells, but not in the wild type, when PI 3-kinase/Akt signaling was inhibited with LY294002.
Reconstitution of IGF-IR
؊/؊ Brown Adipocytes with Wild-Type IGF-IR Restores IGF-I Signaling, but Not the Increased Susceptibility to Undergo Apoptosis To ensure the role of IGF-IR in the increased susceptibility to undergo apoptosis in IGF-IR-deficient cells, we generated IGF-IR Ϫ/Ϫ brown adipocytes that reexpressed wild-type IGF-IR (IGF-IR Rec ). These cells were transfected with the pcDNA3.1-IGF-IRzeo construct, and stable cell lines were selected. Figure 10A (top) shows that IGF-IR reexpression in the reconstituted cell lines represents ϳ70 -80% of that seen in wild-type cells. Tyrosine phosphorylation of IGF-IR ␤-chain in response to IGF-I stimulation was recovered in reconstituted brown adipocytes in parallel to the level of IGF-IR protein reexpressed ( Figure 10A, bottom) . Likewise, IGF-I-induced anti-Tyr(P)-associated PI 3-kinase activity and the phosphorylation of Akt and MAPK, which was not detected in IGF-IR Ϫ/Ϫ cells, were recovered after IGF-IR reconstitution. It is noteworthy, that recovery of 70 -80% of IGF-IR expression in deficient cells induced a level of phosphorylation of MAPK in response to IGF-I as in the wild type. However, phosphorylation of Akt parallels the level of IGF-IR reconstitution. Next, we evaluated whether the IGF-IR signaling, which was reconstituted in IGF-IR-deficient brown adipocytes, was able to restore the capacity of Ϫ/Ϫ brown adipocytes were cultured for 8 and 4 h, respectively, in serum-free medium either in the absence or presence of insulin (10 -100 nM). Then, cells were collected, lysed and caspase-8 and caspase-3 activities were measured. Results are expressed as arbitrary units per microgram of total protein and are means Ϯ SE from three independent experiments with duplicate dishes. B. Wild-type and IGF-IR Ϫ/Ϫ brown adipocytes were cultured under growing conditions (FS) or in serum-free medium for 24 h either in the absence or in the presence of insulin (10 -100 nM). At the end of the culture time, cells were scraped and subjected to extranuclear DNA extraction. Purified DNA was electrophoresed and visualized by UV fluorescence after staining with ethidium bromide. A representative experiment out of three is shown. C. Cells were cultured as described in B. At the end of the culture time, cells were collected and nuclear and cytosolic extracts were prepared. Nuclear or cytosolic protein (50 g) was submitted to Western blot analysis with the anti-Foxo1 antibody. Protein loading was visualized with the anti-p53 and anti-p85␣ antibodies for nuclear and cytosolic fractions, respectively. A representative experiment of out three is shown.
IGF-I to protect these cells from apoptosis. For that goal, cells were serum deprived for 8 h either in the absence or in the presence of 10 nM IGF-I and caspase-3 activity was determined. As shown in Figure 10B , reconstitution with IGF-IR down-regulated caspase-3 activity in the presence of IGF-I, as in wild-type cells. Furthermore, IGF-I suppressed DNA laddering in both wild-type and IGF-IR Rec brown adipocytes, but not in IGF-IR Ϫ/Ϫ cells. Finally, the apoptotic sensitivity and the endogenous expression of pro-and antiapoptotic gene expression were analyzed in IGF-IR Rec brown adipocytes. Although a substantial amount of IGF-IR was recovered in IGF-IR Rec brown adipocytes ( Figure 10A ), these cells showed the same pattern of DNA laddering that IGF-IR Ϫ/Ϫ brown adipocytes upon serum withdrawal in a time-dependent manner ( Figure 10C ). Indeed, IGF-IR Rec brown adipocytes maintained similar imbalance of Bim and Bcl-x L expression than IGF-IR Ϫ/Ϫ cells, compared with the wild type.
DISCUSSION
BAT is specialized for adaptive thermogenesis and regulated energy expenditure. Embryonic development of BAT requires a balance between proliferation, necessary for organ growth, and apoptosis, essential for the orderly removal of certain cells. IGF-I is a potent mitogen in fetal rat brown adipocytes in primary culture (Lorenzo et al., 1993; Valverde et al., 1995) and also is a survival factor for immortalized rat and mouse (Tseng et al., 2002) brown adipocytes. Moreover, IGF-I induces adipogenic-and thermogenic-related gene expression in BAT at the end of the fetal life (Lorenzo et al., 1993; Valverde et al., 1997) . It is well Cells were cultured for 6 h as described in A. Total protein content was determined and caspase-3 activity was measured as described under Materials and Methods. Results are expressed as arbitrary units per microgram of total protein and are means Ϯ SE from three independent experiments with duplicate dishes. Statistical significance was tested with a one-way analysis of variance, followed by the protected least significant difference test. p Ͻ 0.01 was considered significant.
known that the biological effects of IGF-I in its target tissues are mediated by a complex network of intracellular signaling pathways initiated by the activation of the IGF-IR at the cell surface (Clemmons and Maile, 2003) . In this regard, immortalized brown adipocytes derived from the IGF-IRdeficient mice are unique tools to study the role of IGF-I signaling in the biology of the brown adipose cell. Interestingly, these cells maintain the phenotypical features of wildtype brown adipocytes (Mur et al., 2002) . In this study, we demonstrate that IGF-IR deficiency in brown adipocytes is associated with a rapid activation of the cellular apoptotic machinery in response to growth factor withdrawal. In previous works, we have reported the presence of functional insulin receptors in fetal brown adipocytes (Teruel et al., 1996) , and more importantly, we have noted that IGF-IR Ϫ/Ϫ brown adipocytes display increased insulin receptor autophosphorylation upon insulin stimulation (Mur et al., 2002) . However, the present results indicate that deficiency for the IGF-IR, which accelerates serum withdrawal-induced apoptosis, cannot be compensated by the insulin receptor and its signaling, thereby excluding functional redundancy of these receptors in BAT during fetal development. The regulatory role of mitochondria in the apoptotic process has been well documented (Green and Reed, 1998; Kroemer, 1998) . Caspase-3 may be activated by caspase-9, which is cleaved and activated by the release of cytochrome c from mitochondria to the cytosol (Li et al., 1997) . In the current study, we report that the lack of IGF-IR accelerates the loss of ⌬ m transmembrane potential and cytochrome c release in brown adipocytes. These results, together with those discussed below, could explain the differences observed in the time course of caspase-3 activity and DNA laddering after serum withdrawal between IGF-IR Ϫ/Ϫ and control brown adipocytes.
The family of Bcl-2-related proteins constitutes one of the most biologically important classes of apoptosis-regulatory gene products. These proteins function like checkpoints through which survival and death signals must pass before they determine the cell fate. Indeed, a major site of activity of the Bcl-2 proteins is the mitochondrial membrane, promoting or preventing cytochrome c release. In this model, either up-regulation of proapoptotic members or down-regulation of antiapoptotic members triggers mitochondrial apoptosis. Immortalized mouse brown adipocytes growing in 10% FS express the antiapoptotic members Bcl-x L (29 kDa) and Bcl-2 (26 kDa), which prevent cytochrome c release from mitochondria to the cytosol. However, the proapoptotic member Bcl-x S (21 kDa), involved in cytochrome c release, was barely detected. Serum withdrawal stimulated a timedependent decrease in Bcl-x L protein content that paralleled an increase in Bcl-x S expression at 16 h. This scenario was completely different in brown adipocytes lacking IGF-IR; when cultured with serum endogenous levels of Bcl-x L and Bcl-2 were much lower than that in wild-type cells. Moreover, in these cells Bcl-x S was constitutively expressed and its expression was further augmented by serum withdrawal. These results clearly indicate that the lack of IGF-IR in fetal brown adipocytes give rise to an imbalance between proand antiapoptotic genes, which may accelerate the sequential cellular events leading to DNA fragmentation and apoptosis. This imbalance cannot be rescued by reexpression of IGF-IR in deficient cells, although IGF-IR Rec brown adipocytes restored IGF-IR signaling and rescue from serum withdrawal-induced apoptosis in response to IGF-I. Consequently, IGF-IR Rec brown adipocytes show an increased susceptibility to undergo apoptosis under serum withdrawal as the IGF-IR Ϫ/Ϫ cells. These data suggest that the presence of IGF-IR signaling at very early stages of development is a requirement to maintain a balance between proand antiapoptotic genes in brown adipocytes. However, due to the absence of in vivo evidence that apoptosis is misregulated in IGF-IR Ϫ/Ϫ brown fat, we cannot exclude an indirect effect on brown adipocytes by altered signaling in other IGF-IR-dependent cells in a paracrine manner.
In contrast to the family of Bcl-related proteins, much less is known about the role of Foxo proteins in the mechanism of apoptosis. In the absence of Akt signaling, these unphosphorylated proteins predominantly localize in the nucleus where they bind to promoters of various target genes that induce cell death. These include FasL (Brunet et al., 1999) , the BH3 domain-only member of the Bcl-2 family Bim (Dijkers et al., 2000; Stahl et al., 2002) , TRAIL (Modur et al., 2002) , TRADD (Rokudai et al., 2002) , and BCL-6, a transcriptional repressor of Bcl-x L (Tzu-Ling Tang et al., 2002) . Indeed, overexpression of Foxo1 or Foxo3a induces apoptosis in various cell types (Brunett et al., 1999; Tang et al., 1999) . Interestingly, the lack of IGF-IR triggers substantial changes in Foxo1 cellular localization in brown adipocytes. After 4 h of serum deprivation, Foxo1 localization is entirely nuclear, whereas in wild-type cells nuclear localization of this molecule is detected only after 8 h. Bim is a well known target of Foxo transcription factors and exerts its proapoptotic activity through heterodimerization with antiapoptotic Bcl-2 members (O'Connor et al., 1998) . Its constitutive expression is low in growing wild-type brown adipocytes and is upregulated after serum starvation in parallel to Foxo1 entry into the nucleus. However, IGF-IR deficiency in brown adipocytes not only increases constitutive expression of Bim but also accelerates its expression upon serum withdrawal. Ectopic expression of Bim is sufficient to induce apoptosis in Ba/F3 cells . Moreover, Bim Ϫ/Ϫ lymphocytes and neurons have an increased resistance to cell death induced by cytokine withdrawal (Bouillet et al., 1999) . Bim also has been shown to be an important mediator of the apoptosis seen in response to Foxo3 activation (Stahl et al., 2002) . These data together with the results here presented suggest that in brown adipocytes Bim is an important transducer of death signals provoked by serum withdrawal.
Activation of caspase-8 was consistent with Foxo1 entry into the nucleus in brown adipocytes. Maximal activity was detected after 8 h of serum withdrawal in control cultures, whereas in IGF-IR Ϫ/Ϫ cells maximal activity was elicited at 6 h. The fact that caspase-8 activity was significantly inhibited by the neutralizing antibody against FasL in both cell types indicates that in immortalized brown adipocytes apoptosis induced by serum withdrawal is partly due to increased Foxo1-mediated FasL signaling, as proposed by Brunet et al. (1999) . However, we cannot exclude the possibility that other targets of Foxo factors may play a role in this process. To further demonstrate the role of Foxo1 in controlling brown adipocyte survival, we performed adenoviral infections of wild-type brown adipocytes with an adenovirus encoding a form of Foxo1, which cannot be phosphorylated (ADA), and therefore is localized exclusively to the nucleus. Increased expression of proapoptotic proteins such as Bim and Bcl-x S was observed in ADA-infected cells. Likewise, the expression of the tBid indicated caspase-8 activation in these cells. Conversely, the antiapoptotic protein Bcl-x L was significantly decreased. As a result, caspase-3 activation and DNA fragmentation occurred in ADA-infected cells, but not in mock-infected cells. These data support the major role played by nuclear Foxo1 and its proapoptotic target genes in triggering death in brown adipocytes after serum withdrawal. More importantly, our data suggest that IGF-IR signaling is required to regulate the overall cell death process. In fact, recent data from Longo et al. (2002) demonstrate that protection against apoptosis elicited by Wnt signaling is due to the up-regulation of antiapoptotic genes such as IGF-I.
Most adaptive thermogenesis in small mammals takes place in BAT. Brown adipocytes contain multiple small lipid droplets and a high number of mitochondria, with fatty acids representing the main fuel to maintain the thermogenic capacity of the tissue (for review, see Ricquier and Bouillaud, 2000) . The unique thermogenic capacity of BAT results from the expression of UCP-1 in the mitochondrial inner membrane, which is required to address the physiological hypothermia in newborn mammals (Nichols and Locke, 1984) . UCP-1 increases proton leakage across the inner membrane of brown adipocyte mitochondria and thereby dissipates proton motive force as heat instead of synthesize ATP (Trayhurn and Milner, 1989) . UCP-1 gene expression is highly cold inducible through the activation of the sympathetic nervous system, this effect being mediated by ␤-adenoreceptors and cAMP (Cassard-Doulcier et al., 1993; Kozak et al., 1994) . PGC-1␣ is a strong coactivator of several nuclear receptors [i.e., poly(ADP-ribose) polymerase (PPAR)␥, PPAR␣, retinoic acid receptor, and thyroid hormone receptor that also binds to the UCP-1 enhancer (Puigserver et al., 1998) . PGC-1␣ is induced in BAT when mice are exposed to cold or in vitro by the ␤-agonist isoproterenol (Puigserver et al., 1998; Boss et al., 1999) . In fact, our data indicate that exogenous expression of PGC-1␣ in IGF-IRdeficient brown adipocytes increased UCP-1 protein content, which might implicate a decrease in ATP synthesis (Klingenspor, 2003) . As a consequence, these cells were less susceptible to DNA fragmentation and caspases activation triggered by serum withdrawal compared with IGF-IR-deficient cells. Efficient execution of apoptosis requires an adequate supply of ATP (Dey and Moraes, 2000) . This is particularly important in kidney and colon carcinomas because the selective repression of ␤-F1-ATPase expression hampered the apoptotic potential of the cancer cells, resulting in chemo-and radiotherapy resistance (Cuezva et al., 2002) . Consistent with these findings, PGC-1␣ decreased the susceptibility of IGF-IR-deficient brown adipocytes to undergo apoptosis through increased UCP-1 expression. These results were reinforced by similar data obtained by transduction of UCP-1 directly in IGF-IR Ϫ/Ϫ cells. Although we cannot exclude that PGC-1␣ can retard apoptosis by UCP-1-independent mechanisms, our results indicate that UCP-1 might have an essential role probably by limiting the generation of ATP necessary for the apoptotic machinery. Recently, it has been proposed that one of the functions of proteins that uncouple respiration is the limitation of radical oxygen species (ROS) production (Nègre-Salvayre et al., 1997 , Vicent et al., 2004 . However, we have not found differences in the generation of ROS after 2-6 h of serum deprivation (our unpublished data), a critical time-point for induction of the apotoctic machinery in the cell lines used for the study.
Although most cells in culture undergo apoptosis after serum/growth factor deprivation, the supply of specific trophic factors prevents the apoptotic process in a number of cell types. Both wild-type and IGF-IR Ϫ/Ϫ brown adipocytes are insulin target cells with a fully functional insulin signaling cascade (Mur et al., 2002 (Mur et al., , 2003 . In both cell types, insulin prevents serum withdrawal-induced cell death by increasing the amount of cytosolic Foxo1 with a concomitant decrease of caspase-8 enzymatic activity. Again, these results support the essential role of Foxo1 in maintaining the molecular balance of cell death/survival in brown adipocytes. Moreover, Bcl-x S expression is severely decreased by insulin in rat brown adipocytes . An important effect of insulin is the inhibition of caspase-3 activity in wild-type and IGF-IR Ϫ/Ϫ cells. Because caspase activation is required for complete apoptotic phenotype, and caspase-3 is one of the executioners in this process (Shi, 2002) , prevention of caspase-3 cleavage is certainly an essential mechanism by which insulin protects brown adipocytes from apoptosis. Together, these data indicate that insulin elicits its survival effect in brown adipocytes through its own receptor by preventing the nuclear accumulation of Foxo1 and the activation of its nuclear targets and by decreasing the levels of proapoptotic proteins of the Bcl family. Moreover, these protective effects of insulin are independent of the expression of the IGF-IR.
Studies on the signaling pathways involved in the antiapoptotic effect induced by insulin indicate that both PI 3-kinase/Akt and Ras/MAPK cascades participate in the control of this process. IGF-IR-deficient brown adipocytes are highly sensitive to insulin, displaying enhanced tyrosine phosphorylation of IR and IRS-1 compared with wild-type cells. Consequently, IRS-1/Grb-2/MAPK signaling, which is responsible of the mitogenic effect of insulin in brown adipocytes (Valverde et al., 2001) , is augmented in IGF-IR Ϫ/Ϫ cells concomitantly with increased DNA synthesis, cell number, and proliferating cell nuclear antigen expression (Mur et al., 2002) . Previous studies from our laboratory or others (Parrizas et al., 1997) indicated that the activation of both PI 3-kinase and MAPK signaling pathways is necessary for the full survival effect of insulin in brown adipocytes or PC12 cells, respectively. However, in brown adipocytes lacking IGF-IR, insulin maintains its survival effect even when PI 3-kinase is inhibited with LY294002. This effect is unique for this cell type, because insulin is unable to rescue apoptosis in wild-type brown adipocytes in the presence of the PI 3-kinase inhibitor. However, apoptosis does occur in IGF-IR-deficient cells in the presence of MEK-1 inhibitor, suggesting that activation of this pathway is not compensated by insulin-activated PI 3-kinase.
In conclusion, the lack of IGF-IR in brown adipocytes confers increased susceptibility to apoptosis upon serum withdrawal. This effect is the result of multiple defects reflecting altered mitochondrial integrity, including modified expression of Bcl-2 family genes, differential activation of caspases, and nuclear translocation of Foxo1, which activates the death receptor pathway through Fas ligand. Reexpression of IGF-IR cannot reverse this imbalance, although reconstituted brown adipocytes restored IGF-I signaling and rescue from serum withdrawal-induced apoptosis in response to IGF-I. Exogenous expression of the nuclear coactivator PGC-1␣ or UCP-1 prevents apoptosis in IGF-IRdeficient brown adipocytes, suggesting that cellular ATP content in these cells may be rate-limiting step in programmed cell death. Finally, the survival effect of insulin on IGF-IR Ϫ/Ϫ brown adipocytes was elicited even in the absence of PI 3-kinase/Akt signaling rescue pathway. Thus, our results demonstrate for the first time the unique role of IGF-IR in maintaining the balance cell death/survival in fetal brown adipocytes.
